The role of allogeneic stem cell transplantation in chronic myeloid leukemia is being reevaluated. Whereas drug treatment has been shown to be superior in firstline treatment, data on allogeneic hematopoietic stem cell transplantation (allo SCT) as second-line therapy after imatinib failure are scarce. Using an interim safety analysis of the randomized German CML Study IV designed to optimize imatinib therapy by combination, dose escalation, and transplantation, we here report on 84 patients who underwent consecutive transplantation according to predefined criteria (low European Group for Blood and Marrow Transplantation [EBMT] score, imatinib failure, and advanced disease). Three-year survival after transplantation of 56 patients in chronic phase was 91% (median follow-up: 30 months). Transplantation-related mortality was 8%. In a matched pair comparison of patients who received a transplant and those who did not, survival was not different. Threeyear survival after transplantation of 28 patients in advanced phase was 59%. Eighty-eight percent of patients who received a transplant achieved complete molecular remissions. We conclude that allo SCT could become the preferred second-line option after imatinib failure for suitable patients with a donor. The study is registered at the National Institutes of Health, http://clinicaltrials.gov: NCT00055874.
Introduction
Imatinib as a selective BCR-ABL tyrosine kinase inhibitor (TKI) has replaced allogeneic hematopoietic stem cell transplantations (allo SCTs) as first-line therapy for patients with chronic myeloid leukemia (CML). 1 As a consequence, the number of allo SCTs has decreased substantially. 2, 3 Most recent studies have concentrated on a potential negative effect of imatinib on the outcome after allo SCT. 4, 5 Although observation time and overall survival data of such studies are limited, they indicate that imatinib therapy is not harmful for transplantation. 2, [4] [5] [6] [7] [8] [9] Still, allo SCT remains an important treatment option. According to the International Randomized Study of Interferon Versus STI571 (IRIS), 40% of the patients are no longer on study imatinib at 7 years, 10 due to unsatisfactory response, imatinib failure, or other reasons. 11 The patients are in need of second-line treatments. The best approach in these situations has not yet been defined in prospective controlled studies. Allo SCT is one option. Fear of excess mortality with allo SCT and ease of drug administration frequently preclude transplantation. In a randomized study, the German CML Study Group has shown that interferon ␣ (IFN)-based drug treatment is superior to allo SCT as first-line therapy. 12 Data on allo SCT in the imatinib era are scarce; controlled data are warranted. There are hints that pretransplantation imatinib might improve outcome 4 in line with earlier observations that reduction of leukemia load by IFN before transplantation is associated with better transplantation outcome. 13 We made use of an interim safety analysis of the randomized German CML Study IV, designed to optimize imatinib-based therapy, 14 to determine the role of allo SCT in the imatinib era within the context of a prospective controlled multicenter trial and according to predefined criteria. We show that survival rates in chronic phase (CP) CML 3 years after transplantation are not different from those achieved with drug treatment alone, but with high rates of molecular response. In advanced phase disease, transplantation outcome is better than hitherto reported.
Methods

Study design
This report is based on a planned interim safety analysis of the German CML Study IV, a 5-arm randomized multicenter trial, designed to compare imatinib 400 mg versus imatinib in combination with IFN versus imatinib in combination with cytarabine (araC) versus imatinib after IFN failure versus imatinib 800 mg and to determine the role of transplantation in the imatinib era. The criteria for transplantation are, as first-line therapy, high disease risk (Euro score) 15 and/or low transplantation risk (European Group for Blood and Marrow Transplantation [EBMT] score 0-1) 16 and, as second-line therapy, imatinib failure and advanced disease (accelerated phase or blast crisis). Primary goals of CML Study IV are comparative determination of survival, time to progression, and rates of hematologic, cytogenetic, and molecular remissions between treatment arms and comparative evaluation of imatinib-based treatment strategies with and without allogeneic transplantation. Secondary goals include determinations of remission duration, toxicities and course of terminal phase, development of a prognostic score, evaluation of new therapies for imatinib resistance, and long-term observation of patients who received a transplant and of patients in complete cytogenetic remission.
The protocol followed the Declaration of Helsinki and was approved by the ethics committee of the Medizinische Fakultät Mannheim of the University of Heidelberg and by local ethics committees of participating centers. Written informed consent was obtained from all patients before entering the study. The study is registered at the National Institutes of Health, http://clinicaltrials.gov: NCT00055874.
Patient population
By November 2008, 1242 patients were randomized and 84 received a transplant, as outlined in Figure 1. (1) Nineteen patients (23%) underwent elective transplantation in first CP with low EBMT score and/or high Euro risk score; 14 of these fulfilled the transplantation criteria of the protocol, 2 had borderline criteria, and 3 underwent transplantation on patients' wish. (2) Thirty-seven patients (44%) underwent transplantation after imatinib failure in first CP. (3) Twenty-eight patients (33%) underwent transplantation in advanced disease, including 25 patients in blast crisis and 3 patients in accelerated phase; 11 of these patients achieved a second and 1, a third CP before transplantation. Patients were derived equally from all 5 randomization/treatment groups ( Figure 1 ). Imatinib failure comprised imatinib intolerance and resistance according to European LeukemiaNet (ELN) definition. 17 
Statistical analysis
Probabilities of overall survival were calculated by the Kaplan-Meier method and compared by the log-rank statistics. Cumulative incidences of transplantation-related mortality (TRM) were calculated under consideration of competing risks, as suggested by Gooley et al. 18 All analyses were performed with the SAS software Version 9.1.3 (SAS Institute). Survival was censored at the date of last follow-up.
Matched pair analysis
Fifty-six patients underwent transplantation in first CP (groups I and II). To each of 53 patients who received a transplant, 2 imatinib-treated patients could be matched with regard to age, sex, risk profile, disease phase, and interval to transplantation (Table 1) . Because no relevant differences with regard to progression or survival are known, there was no differentiation between imatinib dosages or treatment with or without an additional drug. In case more than 2 imatinib-treated patients were qualified, a random drawing among all candidates was performed. All 106 imatinib-treated patients had been in first CP at the time when their corresponding partner underwent transplantation. The time between diagnosis and transplantation was appropriately matched. A patient who underwent transplantation in first chronic phase on day X has a guaranteed survival time from diagnosis to day X. To ensure a fair comparison, the 2 matched imatinib-treated partners had to have survived and been in first chronic phase on day X, too. 
Imatinib after
Cytogenetic and molecular analysis
Cytogenetic analyses were performed by chromosome banding analysis of at least 20 marrow cell metaphases, after short-term culture (24 or 48 hours or both) with standard G or Q banding techniques. Molecular diagnostics for residual BCR-ABL mRNA transcripts followed the procedures recommended by Hughes et al 19 and Cross et al. 20 
Results
Eighty-four CML patients who underwent transplantation consecutively according to predefined criteria within the randomized treatment optimization study IV of the German CML Study Group are analyzed for outcome. Patients' characteristics and transplantation and outcome details are summarized in Table 2 . The median age of all 84 patients who underwent transplantation was 37 years (range, 16-62 years); 65% were male. Criteria for transplantation were early disease in young patients (EBMT score 0-1; group I), imatinib failure (group II), and advanced disease (group III); see "Patient population." All patients received imatinib before transplantation except 3 patients in group I who received IFN only. All randomized therapies were evenly Donors were unrelated in 54 cases (64%) and related in 30 cases (36%). Most patients received busulfan/cyclophosphamide or cyclophosphamide/total body irradiation (TBI)-based standard conditioning (n ϭ 57, 68%); 12% (n ϭ 10), fludarabine/busulfan or TBI-based reduced-intensity conditioning; 15% (n ϭ 13), conditioning with other regimens including cyclophosphamide and/or TBI; and 5% (n ϭ 4), conditioning with unknown regimens (supplemental Table, available on the Blood website; see the Supplemental Materials link at the top of the online article). Graft-versus-host disease (GVHD) prophylaxis was primarily with cyclosporine A and short methotrexate with or without antithymocyte globulin for patients with standard conditioning, and was cyclosporine and mycophenolate mofetil for patients with reducedintensity conditioning. Sixty-four transplants (76%) were derived from peripheral blood. Supportive care was provided according to institutional recommendations; most centers followed the EBMT guidelines (http://www.ebmt.org).
The cytogenetic status was analyzed before transplantation to define tumor load. Close to 70% of CP patients had achieved a cytogenetic response (CyR); 10%, a major molecular remission (MMR). In advanced phase patients 42% had achieved a CyR and 10%, an MMR.
Three-year survival probability after transplantation of the 56 patients in chronic phase was 91% (88.2% in group I [CI: 69.3%-98.7%] For each of 53 patients who underwent transplantation, 2 matched imatinib-treated patients (n ϭ 106 in total) were found who were in first CP at the time of transplantation of the matched partner. Observation intervals of patients who did not undergo transplantation were appropriately matched with those who did for the time between diagnosis and transplantation. A patient who underwent transplantation in first chronic phase on day X has a guaranteed survival time from diagnosis to day X. To ensure a fair comparison, the 2 matched imatinib-treated partners had to have survived and been in first chronic phase on day X, too. Survival probabilities showed no difference. Figure 2B ). Of the 106 matched patients, 4 received a second-line TKI before matching, 4 progressed and received chemotherapy, 2 died on imatinib, and 96 are still in continued CP on imatinib.
Three-year survival probability after transplantation of the 28 patients in advanced phase was 59% (CI: 38.6%-77.5%; Figure  2A ). Median follow-up after transplantation was 24 months (range, 0-50 months). Ten patients died: 4 deaths were disease related, 5 were treatment related, and 1 was unclassifiable. There was no correlation of TRM with prior chemotherapy.
GVHD (all phases) was reported in 56 patients (67%), 20 (23%) of these with grade 3 or 4. Chronic GVHD was reported in 26 patients (31%; 46% of patients with GVHD).
Residual disease after transplantation by quantitative and/or qualitative reverse-transcription polymerase chain reaction was determined in 59 of 70 living patients (median follow-up, 28 months; range, 1-60 months). Complete molecular remission was achieved in 52 patients (88%) at the last molecular followup, and in 26 of 33 patients (79%) 2 years after transplantation.
Discussion
The important finding of this report is the low TRM and the very good long-term survival of patients who underwent transplantation. Data were derived prospectively from a clinical study in a multicenter setting. Indications for transplantation were according to predefined criteria. Because patients underwent transplantation at various institutions, a single-center effect can be excluded. The reasons for this surprisingly favorable outcome are manifold. They are in line with a recent report of a multicenter study, using treosulfan-based regimens, that reported a TRM of less than 10% at 3 years for patients with EBMT risk score 0 to 2. 22 The findings fit with recent reports of reduced TRM, in general, achieved by progress in transplantation procedures, including better human leukocyte antigen typing, more careful patient selection, and improved supportive care.
There is an additional element. Reduction of leukemia load before transplantation by imatinib might have contributed to this outcome, resulting in one of the lowest reported TRM for CP CML patients (8%). This compares favorably with our earlier randomized study of allo SCT after IFN-based drug treatment (CML Study III) in which a TRM of 26% was observed. 12 In our current cohort, 36 of 52 patients who underwent transplantation in first CP showed at least some cytogenetic response before transplantation. In support of this interpretation are the significantly better survival probability after allo SCT for patients with reduced tumor load under IFN (5-year survival: 63.6% vs 49.2%), 13 a positive impact of prior imatinib on the outcome of allo SCT in CP CML, 4 and the observation in adult Ph-positive acute lymphoblastic leukemia that the extent of minimal residual disease under imatinib determines outcome after allo SCT. 22, 23 The results of an overall survival higher than 90% at 2 years are also remarkable in view of the fact that the majority of CP patients underwent transplantation with an EBMT score equal to or higher than 3. Historically, an EBMT score of greater than or equal to 3 was associated with a 50% or less 2-year survival. 16 This score, by definition, is influenced by transplantation more than 12 months after diagnosis and by transplants from unrelated donors. It is also noteworthy that more patients received transplants from peripheral blood than from bone marrow.
Earlier studies showed lower survival rates after allo SCT. EBMT data of the years 2000 to 2003 report 2-year survival rates of 74% for sibling and 63% for unrelated allo SCT in first CP. 2 Center for International Blood and Marrow Transplant Research (CIBMTR) data of the years 1999 to 2004 report survival rates of 79% and 72% at 1 and 2 years, respectively. 4 Our earlier CML Study III reported 2-and 5-year survival rates of 76% and 62%, respectively. 12 The results reported here indicate that by consideration of other known risk factors (eg, comorbidity score, cytomegalovirus serostatus, polymorphisms of cytokine genes, and BMI-1), mortality risk could be further reduced. 24, 25 The transplantation outcome in advanced phase patients basically is in line with earlier observations that the best long-term survival results in blast crisis are achieved by allo SCT and that most long-term survivors in blast crisis received an allo SCT, mostly in second CP. 26, 27 Survival of CP patients in the transplantation cohort is not worse than that of matched patients who did not undergo transplantation of the same study. Considering that the cohort that underwent transplantation probably includes more patients with imatinib failure than the imatinib-treated cohort, transplantation results may be an underestimation. The value of allo SCT is further supported by the quality of molecular remissions, which is better than that observed with imatinib (CMR rates of 30%-35% at 5 years in all imatinib-treated patients are reported for CML Study IV 17 ). The complete molecular remission rate of 88% indicates the curative potential of allo SCT.
We conclude that reduction of tumor load by initial imatinib therapy and improvements in transplantation procedures translate into improved outcome of patients after hematopoietic stem cell transplantation. As a limitation to our results, it has to be stated that patients were not randomized to receive a hematopoietic stem cell transplant. Due to the elective option for transplantation, results have to be confirmed by additional data. However, in view of the curative potential of transplantation and survival results that were equally good as with imatinib treatment, allo SCT could become the preferred second-line option after failure of first-line TKI therapy for suitable patients with a donor.
